Knowledge on the costs of natural disasters under climate change is key information for planning adaptation and mitigation strategies of future climate policies. Impact models for large scale flood risk assessment have made leaps forward in the past few years, thanks to the increased availability of high resolution climate projections and of information on local exposure and vulnerability to river floods. Yet, state-of-the-art flood impact models rely on a number of input data and techniques that can substantially influence their results. This work compares estimates of river flood risk in Europe from three recent case studies, assuming global warming scenarios of 1.5, 2, and 3 degrees Celsius from pre-industrial levels. The assessment is based on comparing ensemble projections of expected damage and population affected at country level. Differences and common points between the three cases are shown, to point out main sources of uncertainty, strengths, and limitations. In addition, the multi-model comparison helps identify regions with the largest agreement on specific changes in flood risk. Results show that global warming is linked to substantial increase in flood risk over most countries in Central and Western Europe at all warming levels. In Eastern Europe, the average change in flood risk is smaller and the multi-model agreement is poorer.
Introduction
Floods are among the most costly natural disasters in Europe [1] . Their impact has grown steadily in the past decades due to the increase of population and built-up areas. Climate change is likely to affect the hydrological regimes in various world regions, with potential implications on the frequency and intensity of floods, and other weather-related hazards [2, 3] .
Understanding and quantifying future flood impacts under different climate scenarios is key to developing adequate risk management actions. A large body of research addressing this topic has been produced in recent years. These range from local case studies to national, continental, and some global-scale assessments based on modelling chains of variable complexity e.g., [4] [5] [6] [7] [8] [9] [10] [11] . Europe is a region that has received considerable attention, thanks to the large availability of hydro-meteorological datasets, reported flood losses, and future climatic projections.
It is recognized that a single climate model cannot give robust predictions for informing adaptation, since uncertainties in regional climate changes are large. A common approach is to use ensembles of multiple climate models to account for a range of possible regional climate responses. Large ensembles of climate model projections now exist through the 5th Coupled
Materials and Methods

Description of the Three Model Frameworks
We present here a brief description of each method, followed by an analysis of the main differences between the modelling approaches and the datasets applied (see Table 1 ). For more details, we refer the reader to the original papers [20] [21] [22] .
JRC Europe (JRC-EU)
The research by Alfieri et al. [20] makes use of seven climate projections from the EURO-CORDEX database based on the Representative Concentration Pathways (RCP) 8.5, corresponding to a high concentration scenario. Climate projections were run through the hydrological model LISFLOOD [30, 31] and the resulting streamflow was analyzed statistically to estimate the occurrence and magnitude of future discharge peaks. A Peak Over Threshold (POT) routine was implemented to identify relevant flood events simulated in the present and future climate. To this end, the study calculated the return period of simulated discharges using Gumbel extreme value distributions of annual maxima fitted for each grid cell and climate projection. Then, hydrographs with maximum return period larger than the local value of flood protections are considered as flood. To define inundation depth and extent for simulated riverine flood events, the study used European flood hazard maps for return periods between 10 and 500 years under present climate conditions [32] . Flood maps were then used to derive maps of potential population affected and potential damage for each return period. Impact maps were obtained by combining hazard maps with exposure data in the form of population density, land use, economic wealth, and with vulnerability information expressed by flood damage functions and flood protection standards. Finally, impacts of river floods in the present and future climate were assessed by linking every simulated flood event to its potential damage and population affected, through its return period.
JRC Global (JRC-GL)
In Alfieri et al. [22] , the meteorological forcing data for the present and future climate is given by a set of seven climate projections produced with seven different General Circulation Models (GCM) forced by RCP 8.5 . The procedure applied to elaborate streamflow data, identify flood events, and produce flood hazard maps is conceptually similar to the study by Alfieri et al. [20] , though all the analyses are performed at a coarser spatial scale. Daily streamflow simulations were produced with a global-scale version of the Lisflood model [30, 31] . Extreme value analysis fitted on annual maxima of streamflow was used to identify reference return periods and evaluate the magnitude of high-flow events in present and future conditions. Events exceeding the design return period of local flood protections are considered as floods and their impacts in terms of potential population affected and damage are obtained using global datasets of flood hazard, exposure (population density, land use, and Gross Domestic Product (GDP)), and vulnerability (damage functions).
Inter-Sectorial Impacts Model Intercomparison Project (ISIMIP)
The methodology applied by Dottori et al. [21] employs a multi-model hydrological ensemble that comprises 50 combinations of daily runoff simulations including 10 Global Hydrological Models (GHM) and bias-corrected forcing from 5 GCM under the RCP 8.5 scenario, which formed part of the Inter-Sectoral Impacts Model Intercomparison Project (ISIMIP) Fast-Track study [13] . The CaMa-Flood model [33] was then used to calculate annual maximum discharges using downscaled runoff data, to evaluate recurrence frequency of discharges through extreme value analysis, and to delineate inundated areas of the obtained recurrence frequency (i.e., return period) of the annual maximum discharge exceeding the local flood protection level. Four indicators of impacts were quantified: population exposed, number of fatalities, direct damages, and welfare changes; though in this work we considered only population exposed and direct damages, which are common to all considered cases. 
Multi-Model Comparison
The three considered cases are based on a modeling chain involving hydrologic, hydraulic, and socio-economic impact modelling. Impacts are evaluated with risk assessment procedures which combine the contribution of hazard, exposure, and vulnerability. However, the three cases differ in a number of aspects including input climatic projections, hydrologic and hydraulic models, resolution and underlying datasets, making them substantially independent case studies. Key points which make them comparable are:
•
The aggregation of the outputs from their original grid resolution to country average impacts.
The common focus on warming levels rather than future time slices, which makes results comparable independently of the chosen set of climatic projections and of their sensitivity to atmospheric concentration pathways.
In the following, we summarize some key points with regard to modelling strategies and datasets. For a more detailed description of methods, differences, and common points, we refer to the original publications [20] [21] [22] . [35] FLOPROS [36] Global damage functions [37] Alfieri et al. [22] (JRC-GL)
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Timing of Warming Levels
The method to identify time windows is slightly different for the ISIMIP case as compared to the other two. In ISIMIP, the year of passing SWLs is defined as the first window when the 30-year running mean of the projected global averaged annual mean temperature exceeds the SWLs. For the two JRC cases, the time windows are centered on the years when the 20-year running mean of global average temperature exceeds the SWL, following the guidelines of the HELIX project [45] . The time windows may differ significantly depending on the warming rate predicted by each climate forcing, though we found that the slightly different approaches to identify SWLs have a negligible effect on the resulting years of exceeding the SWLs across the three cases.
Climate Projections
The climatic projections considered in the three cases are all based on RCP 8.5. Projections under this scenario typically exceed 3 • C warming before the end of the current century-hence, all three considered SWLs can be analyzed in the same set of simulations. Recent findings indicate that in contrast to mean precipitation, extreme precipitation is better correlated to the total amount of warming than the emissions scenario in most climate models [46] . We therefore assume that flood hazard and impacts at SWLs presented herein are independent of the timing of the warming and of the pathway of greenhouse gas concentrations.
The three cases differ for the number, resolution, and type of climatological forcing applied. Higher resolution climate models are capable to simulate more intense and localized precipitation and to better capture extreme events in small river basins. Conversely, coarser resolution climate models are less performant in simulating such small-scale high-intensity events, and therefore their application for flood modelling is more limited to simulating longer lasting river floods in larger rivers. All three cases estimate ranges of flood risk using ensembles of 7 (JRC-EU), 5 (ISIMIP), and 7 (JRC-GL) climate projections. Overall, 19 different climatic runs were used in the three case studies, originating from 11 independent General Circulation Models (GCM).
In the JRC-EU case, the climatic scenarios used were produced within the EURO-CORDEX initiative [14] by downscaling three GCM with four Regional Circulation Models (RCM) on a grid resolution of 0.11 • (i.e.,~12.5 km in Europe). The JRC-GL made use of Sea Surface Temperature (SST) and Sea Ice Concentration (SIC) forcing data taken from seven independent driving GCM produced within the Coupled Model Intercomparison Project Phase 5 (CMIP5) projections, downscaled to 0.35 • with the EC-EARTH3-HR model [38] . The downscaling was applied both to improve the simulation of extreme events e.g., [47] and to produce comparable statistics among different models using the same resolution. Finally, ISIMIP made use of data from 5 GCM included in the CMIP5 dataset, using climatological forcing at different resolutions (from 1.25
Another relevant difference is that temperature and precipitation of ISIMIP climate scenarios were bias-corrected using a trend-preserving approach [44] , while the JRC-EU and JRC-GL made use of the original climatic data. In all three cases, given the limited size of each model ensemble, climate projections were chosen aiming for the best possible set. In the JRC-EU case, the driving GCMs were chosen among those with the best performance in reproducing the past climate patterns and variability [48] . In the JRC-GL and ISIMIP cases, climate models were selected as representative of a range of outcomes for future climate change, including high and low climate sensitivity, different biases in baseline precipitation climatology, and different global patterns of precipitation change [45] .
Hydrological Modelling
Both the JRC-EU and JRC-GL used the Lisflood model (at different grid resolution) to simulate rainfall-runoff and river routing processes. The European version of Lisflood was calibrated at 693 river cross sections and then run at 5 km resolution, while the global version is not calibrated and was run at 0.1 • resolution. ISIMIP used an ensemble of 10 different, mostly uncalibrated GHM to calculate rainfall-runoff at 0.5 • , while river routing was then computed with the CaMa-Flood model at 0.25 • resolution (~28 km). The choice of the resolution of the hydrological models was mainly driven by computational efficiency and by the resolution of the climatological forcing.
For the identification of flood events, all the case studies applied extreme value analysis over discharge annual maxima to identify reference return periods at each point of the river network. Then, the magnitude of each event under the baseline and future scenarios is evaluated by comparing them with the reference return periods. JRC-EU and JRC-GL used a peak over threshold (POT) approach that accounts for all flood events exceeding flood protections in any given place, potentially even more than one per year, while ISIMIP considered only the annual maximum flood. Hence, the ISIMIP approach is more prone to underestimating the flood impacts as compared to the two other approaches.
Inundation Modelling
To model inundation processes, JRC-EU and JRC-GL made use of a catalogue of model based inundation maps at the European [32] and Global [49] scales for a set of constant flood magnitudes. These maps were produced with flood simulations performed separately in each section of the river network, using peak discharges for a number of reference return periods inferred from long term simulations forced by two historical climate datasets, EFAS Meteo [50] and ERA-Interim [51] , respectively. The model applied for the simulations is the hydrodynamic model LISFLOOD-FP [40] for the European flood hazard maps and the cellular automata approach CA2D [39] for the Global dataset. With regard to model domain and resolution, JRC-EU used 100 m resolution inundation maps covering all rivers with upstream areas >500 km 2 , while JRC-GL made use of~1 km resolution inundation maps for upstream areas >5000 km 2 . Hence, the portions of river network with upstream area smaller than those two thresholds did not contribute to each corresponding risk assessment.
In ISIMIP, flood maps were computed for each event with the CaMa Flood model [33] run at 2.5 arc-min resolution (~5 km at the equator). Results are downscaled using topological river bed data to 0.3 arc-min (~550 m) grid, and then re-aggregated to yield inundation area fraction at 2.5 min resolution. Figure 1 shows an example of resulting flood maps used by each of the three cases.
The decrease of resolution in flood inundation models determines a decrease of modelling accuracy because: (1) the smallest rivers are not mapped (in JRC-EU and JRC-GL); and (2) flood extent (hence impact) is overestimated in those models where the spatial grid resolution is wider than the actual inundation extent. Hence, the largest errors in inundation mapping typically occur in rivers with small upstream area, where JRC-EU and JRC-GL assume no inundation, while the ISIMIP approach tends to overestimate the inundation extent, with a lower limit given by the grid resolution (i.e., 5 km).
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Flood Impacts
The three cases here considered estimated future changes in the average annual impacts between a reference period, or baseline , and 30-year time windows representative of SWLs of 1.5, 2, and 3 • C above pre-industrial averages. Note that, for all three cases, the climatology of the baseline period is not based on observed historical data but on model simulations coherent with the climate variability of the considered year range.
Economic damages were calculated for five relevant economic sectors (i.e., residential, commercial, industrial, infrastructure, and agriculture) by combining inundation depth with damage functions, GDP, and land use maps. Flood damage functions describe the relation between inundation depth and the corresponding direct economic damage per unit surface. For JRC-EU, these were taken from Huizinga [43] , while for JRC-GL and ISIMIP, we used those by Huizinga and de Moel [37] . One relevant difference is that the European land cover includes separate classes for each sector, while GlobCover classes relevant for the impact assessment are only agricultural and artificial areas-therefore, constant ratios were used to estimate the share of damage affecting each sector included in the class "artificial area". In all cases, constant present-day flood protection levels were used to calculate future projections. Flood protection standards are based on the study by Jongman et al. [24] for JRC-EU and on the FLOPROS global database [36] for the two global case studies. In all three cases, ensemble-average loss estimates were aggregated at country scale and over 30-year time windows to analyze results and trends over robust data samples.
For exposure datasets, JRC-EU used the population density map developed by Batista e Silva et al. [41] at 100 m resolution, a downscaled version of the Corine Land Cover map [42] , and GDP maps at the sub-country level. Conversely, ISIMIP and JRC-GL made use of global datasets, namely population density from the Global Human Settlement Layer [34] , and land use derived from the GlobCover 2009 at 10 s (∼300 m) resolution [35] . All exposure layers on population density and land use were chosen as the best available products for each specific application, though several studies point out the added value of including the time variability of exposure to improve flood risk assessments [52, 53] .
Estimates of affected population are based on population density maps of 2006 for the JRC-EU and of 2015 for ISIMIP and JRC-GL, with the latter recording an overall 2.4% increase in population in the considered countries. Further, estimates of expected damage are calculated in EUR at Purchasing Power Parity of 2007 for the JRC-EU and of 2010 for ISIMIP and JRC-GL, with the latter corresponding to a 7% increase in average price levels in the considered countries compared to 2007.
Estimates of flood risk shown in the following do not include the effect of future socio-economic changes on population, economy, and land use. Impact models were applied with a stationary approach assuming present-day exposure and vulnerability. However, note that the JRC-EU and the ISIMIP did include socio-economic changes in their original publication. Here, impacts reflect how the present society would be affected by river floods under different levels of warming, without additional hypotheses on future changes on socio-economic conditions. Although future socio-economic changes are believed to play an important part on future impact scenarios, not considering them allows us to focus on the modelling frameworks of the three cases, which is the main scope of the paper.
Results
To compare results from the three cases we use the following approach. First, we compare quantitatively impacts for the baseline period with reference data available from disaster datasets and risk assessment studies. Then, we provide a general overview of the multi-model agreement at the European scale, to highlight possible spatial patterns of change. Finally, we evaluate the agreement of future impact estimations by comparing relative changes in impacts between the baseline and the three SWLs. Figures 2 and 3 compare the simulated impact of the three ensemble estimates for the baseline period 1976-2005, with the range of available reference datasets including data from the GAR, EM-DAT, and Munich RE for recorded losses and only EM-DAT for reported population affected. Note that for some countries (e.g., Finland, Iceland, Cyprus), no reported data were available for comparison from these three losses databases.
Regarding the reference datasets, there are some important differences to point out. Data from EM-DAT and Munich RE are observations and therefore refer to time variable socio-economic conditions of exposure and vulnerability. On the other hand, GAR estimates are expected values of average annual losses and are based on present day conditions. As shown in Figures 2 and 3 , differences in the average and in the spread of the results are sometimes remarkable. Some general considerations can be drawn as follows:
• ISIMIP generally has the largest spread in the ensemble, due to the larger number of ensemble members and the combination of different GHM and GCM; • ISIMIP average impacts are the largest in most countries (31 countries out of 38), which can be attributed to the methodology that considers the whole river network irrespective of the upstream area of catchments. In addition, the coarser resolution of flood maps produces larger flood extents, and in turn, impacts (see Figure 1) . JRC-EU average impacts are the largest in 6 out of 38 countries, including Czech Republic, Croatia, Ireland, Luxembourg, Poland, and Slovenia, while JRC-GL average impacts are the largest only in Latvia, though with a similar value to the other two ensemble means.
• JRC-GL baseline impacts are the smallest of the three in most countries, due to the reduced extent of the river network considered (i.e., only rivers with upstream area above 5000 km 2 ). Indeed, results from the JRC-GL and consequent projected changes under global warming could be considered as representative of the flood risk in large rivers only.
• In most countries, the confidence bands of the ensembles intersect the range of reported economic losses. However, ISIMIP results for some countries are well above this range, notably for Ukraine and Italy. This is in line with the results of the evaluation exercise performed by Dottori et al. [21] for ISIMIP, who observed an overestimation of impacts for some European countries. To provide a measure of the accuracy currently attainable with state-of-the-art flood damage models, recent works showed that the expected difference between simulations and observations can be of a factor of two or even more [54] .
• Uncertainties and limitations in the available impact datasets are a known issue [55] , especially for global datasets [56] , though this issue can be partly addressed through the use of simulated impacts [57] . Main issues include under-reporting of minor flood events and of those further back in time, absence of economic loss data for a large part of reported events, and uneven data coverage across European countries (e.g., fewer data for Eastern European countries before 1990
and in particular for countries that were part of the Soviet Union). For example, a comparison of national disaster loss databases with EM-DAT data showed that total losses can be up to 60% higher when data from high-frequency, low-severity events are accounted for [29] .
Results in terms of affected population are comparable to those of economic damages, with similar spread in the ensemble results, though with a clear tendency of model results to be higher than reported figures (Figure 3 ). For population, it must be noted that observed data come only from the EM-DAT database and that the evaluation of population affected is more complex and prone to errors due to different standards for reporting the number of people hit by floods [58] .
giving the same weight to each ensemble and using +/− signs as follows:
• +++ (−−−) : all cases predict an increase (decrease) in impacts; • ++ (−−) : two cases predict an increase (decrease) in impacts, results are not available for the third (see Section 2.2.1); • + (−) : this is used for two cases: (1) two cases predict an increase (decrease) in impacts while a third predicts an opposite change; or (2) only one case study is available and predicts an increase (decrease) in impacts; • 0: only two ensembles available and predicting opposite changes in impacts.
The spatial distribution of the model agreement shows that the three flood risk assessments agree on an increasing trend in most of Western and Central European countries, and on a decreasing trend in Eastern countries. Model results are more variable in a number of northern countries like Iceland, Finland, Estonia, and Latvia, and in most south-eastern countries, with the exception of Greece. Interestingly, impact trends for the British Isles and for Eastern Europe mostly agree with those identified by Kundzewicz et al. [19] . Figure 4 summarizes the agreement between the three ensemble averages for each country and SWL scenario, considering the sign of projected changes in flood impact. The agreement is evaluated giving the same weight to each ensemble and using +/− signs as follows: Figures 5 and 6 focus on the future impacts predicted by the model ensembles, showing the relative change for each SWL and country with respect to the baseline. The plots allow comparisons of the magnitude of predicted changes, complementing the information shown in Figures 2 and 3 with a quantitative assessment. Some considerations can be drawn from those figures:
• In most countries in Western and Central Europe, all models consistently predict a relevant increase in future flood impacts.
•
The largest changes are usually predicted by the JRC-GL, which projects a more than 10-fold increase in impacts in the Slovak Republic, Hungary, and Poland. Conversely, the ISIMIP ensemble predicts smaller changes, with JRC-EU generally in between. In particular, ISIMIP predicts a negative change for several south-eastern and eastern countries, while JRC-EU and JRC-GL foresee a decrease only in few countries.
For the vast majority of countries, projected changes in flood risk for each of the three models along the SWLs differ considerably less than the corresponding changes among models, for each specific SWL. Country average range of percent change in flood risk along SWLs is of 180% for expected damages and 170% for population affected. Such values are smaller in comparison to the average range of percent change in flood risk along the three models, which is of 490% for expected damages and 540% for population affected.
The trend of flood risk for increasing warming levels is similar for the three models, for most countries. However, notable exceptions are found in Poland, Germany, Czech Republic, Finland, Sweden, Spain, and Bulgaria, where at least two out of the three models show a monotonic trend of the opposite sign (e.g., in Poland, expected damage estimates from JRC-EU decrease with higher warming levels, while estimates from JRC-GL increase with the SWLs).
In a number of countries, impacts may largely increase even in the case of limiting future warming to 1.5 °C.
Further insight on the spread of relative changes at country level for each ensemble and each SWL is given in Supplement Figures S1-S6 . Those figures show the large variability in impact Figures 5 and 6 focus on the future impacts predicted by the model ensembles, showing the relative change for each SWL and country with respect to the baseline. The plots allow comparisons of the magnitude of predicted changes, complementing the information shown in Figures 2 and 3 with a quantitative assessment. Some considerations can be drawn from those figures:
In most countries in Western and Central Europe, all models consistently predict a relevant increase in future flood impacts.
In a number of countries, impacts may largely increase even in the case of limiting future warming to 1.5 • C.
Further insight on the spread of relative changes at country level for each ensemble and each SWL is given in Supplement Figures S1-S6 . Those figures show the large variability in impact estimates of specific ensemble members, which stresses the challenge in characterizing the overall uncertainty of the three combined ensemble estimates. Summary impact projections and relative changes from the baseline for the three cases are shown in Table 2 for expected damage and Table 3 for population affected. The JRC-EU provides the best estimates of flood impacts at the European level for the baseline period, where reported annual figures are between 4.3 and 8 B€ (5 B€ for JRC-EU) of losses and 262,000 (216,000 for JRC-EU) people affected by flood events in Europe [59, 60] . Average relative changes in flood impacts of the three ensembles (super-ensemble) rise with the SWLs from 113% (expected damage) and 86% (population affected) at 1.5 °C, up to 145% and 123%, respectively, at 3 °C. These are the result of averaging a marked increase in flood risk by the JRC-EU and JRC-GL, with the ISIMIP predictions which point to an initial growth of impacts at 1.5 °C and then a further stabilization for higher SWLs. One should note that JRC-EU and JRC-GL are more likely to identify non-linear trends in flood risk, thanks to the POT approach that enables the detection of non-linear changes in the frequency of future floods. Similarly, the coarser resolution inundation model of ISIMIP, coupled with flooded fraction maps, is prone to underestimating non-linear changes in the flood impacts. Summary impact projections and relative changes from the baseline for the three cases are shown in Table 2 for expected damage and Table 3 for population affected. The JRC-EU provides the best estimates of flood impacts at the European level for the baseline period, where reported annual figures are between 4.3 and 8 B€ (5 B€ for JRC-EU) of losses and 262,000 (216,000 for JRC-EU) people affected by flood events in Europe [59, 60] . Average relative changes in flood impacts of the three ensembles (super-ensemble) rise with the SWLs from 113% (expected damage) and 86% (population affected) at 1.5 • C, up to 145% and 123%, respectively, at 3 • C. These are the result of averaging a marked increase in flood risk by the JRC-EU and JRC-GL, with the ISIMIP predictions which point to an initial growth of impacts at 1.5 • C and then a further stabilization for higher SWLs. One should note that JRC-EU and JRC-GL are more likely to identify non-linear trends in flood risk, thanks to the POT approach that enables the detection of non-linear changes in the frequency of future floods. Similarly, the coarser resolution inundation model of ISIMIP, coupled with flooded fraction maps, is prone to underestimating non-linear changes in the flood impacts. Table 2 . Expected damage from the three case studies (ensemble average) at specific warming levels (SWLs), including relative change. Averages of the three ensembles are included in the last row. Table 3 . Population affected from the three case studies (ensemble average) and at SWLs, including relative change. Averages of the three ensembles are included in the last row. 
Discussion and Conclusions
This work presents, for the first time to our knowledge, a quantitative comparison of socio-economic impact projections of river floods in Europe under climate change, derived by three research works based on state-of-the-art models and datasets. We included only those three case studies in the comparison, due to the very limited availability of large scale assessments of the future impacts of natural hazards under specific warming levels. Nation-wide risk assessments have the advantage of: (1) enabling the comparison of methods set up at different spatial grid resolutions; and (2) enabling the comparison of modeled impact estimates over a set of past years with reported aggregated values available from disaster losses datasets.
As expected, the quantitative comparison of results shows significant differences among the three assessments, which may depend on different modelling components and data used in each case study. Part of these differences can be attributed to the use of different climate and hydrological models. While the uncertainty related to the climatological forcing is well known in the literature, results from Dottori et al. [21] show that the hydrological modeling component may also have a significant impact. The resolution of flood maps and of the driving inundation models also play a prominent role in determining the overall impact estimates. In this regard, we stress the importance of using high resolution inundation modeling to achieve accurate impact estimates. This is presently limited by the scarce availability of high resolution Digital Elevation Models (DEM) over large areas, where small scale features are able to influence considerably the distribution of the floodwaters. Results from the three ensemble projections and their distributions suggest that multi-ensemble averaging can be one way to improve the robustness of impact estimates. However, a rigorous characterization of the multi-model uncertainty appears a more challenging task, due to the strong heterogeneity between the distributions of the three ensemble projections. Moreover, expert knowledge on specific modeling components and their limitations can help in identifying more realistic ranges of uncertainty. Approaches based on Bayesian statistics are a possible way forward to account for such prior information and improve the predictive uncertainty, provided that these are quantified within realistic ranges.
Regarding impact modelling, the three cases here considered use similar approaches, mainly based on the simulated extent and depth of flooding. There is a wide variety of flood damage models in use that can differ substantially in methodological aspects and economic estimates. The datasets and resolution of exposure data may be an additional factor in explaining differences in results, as shown by a comparative quantitative flood damage model assessment by Jongman et al. [61] .
Overall, we found JRC-EU to produce the best quantitative estimates of past impacts as compared to the other two cases, most likely due to the higher resolution and better quality of the underlying models and datasets. Nevertheless, we found that all the three cases produced results comparable with observed loss data. This is an important result because the performance for present-day conditions does not necessarily imply skillful prediction of future changes, and therefore, the joint analysis of multiple case studies can help identify more robust trends in the future flood risk in Europe.
Results from the three assessments suggest that climate projections are the main driver influencing future trends of flood risk under global warming. Moreover, the uncertainty attributed to the climate projections is likely to be underestimated due to the relatively small, though widely used, model ensembles [62] . Other factors such as the bias correction of climate projections, the method for assessing the year of exceeding SWLs, and the spatial resolution of the input data, surely do influence results though probably to a smaller degree, and do not affect the direction of the projected changes. Despite some differences in the absolute and relative change in projected flood impacts at SWLs, the three cases showed a generally good agreement in the spatial distribution of the direction of changes. In detail, most of the Central and Western Europe is consistently projected to experience substantial increase in flood risk at all SWLs, with the magnitude of the change increasing for higher levels of warming. Conversely, some persistence in the signal of decrease in flood risk with warmer temperatures is found in some countries in Eastern Europe, though in most occasions the three case studies provided contrasting results, showing that highest uncertainties are located in Eastern Europe and particularly in the Balkan region. Interestingly, in some countries in Southern Europe (Spain, Portugal, Greece), the initial increase in impacts at 1.5 • C turns into more uncertain projections in the case of higher warming levels, due to a consequent substantial reduction in the mean annual precipitation.
Future works should focus on quantifying the influence of specific modelling components or datasets by systematically comparing different versions of the same modelling framework. While similar studies would be demanding, given the amount of data and computational times required to run a full flood impact modelling chain, we believe that more similar case studies should be carried out to improve the robustness and reliability of flood risk estimates. To this end, the evaluation of flood impact models within inter-comparison projects such as ISIMIP is a valid option to progress further.
This work confirms that the impacts of global warming on river flood risk in Europe are widespread and often significant, though they can vary in sign and magnitude from region to region. The Paris Agreement has set critical thresholds of warming that we must aim for, yet it has demanded that the scientific community provide additional evidence on the possible effects of warming on the consequent impacts on the society. Our results show that substantial impacts can be avoided by limiting global warming to lower temperature thresholds. However, a considerable increase in flood risk is predicted in Europe even under the most optimistic scenario of 1.5 • C warming as compared to pre-industrial levels, urging national governments to prepare effective adaptation plans to compensate for the foreseen increasing risks.
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